The ultimate causes of correlated evolution among sites in a genome remain difficult to 7 tease apart. To address this problem directly, we performed a high-throughput search for 8 correlated evolution among sites associated with resistance to a fluoroquinolone antibiotic using 9 whole genome data from clinical strains of Pseudomonas aeruginosa, before validating our 10 computational predictions experimentally. We show that for at least two sites, this correlation is 11 underlain by epistasis. Our analysis also revealed eight additional pairs of synonymous 12 substitutions displaying correlated evolution underlain by physical linkage, rather than selection 13 associated with antibiotic resistance. Our results provide direct evidence that both epistasis and 14 physical linkage among sites can drive the correlated evolution identified by high throughput 15 computational tools. In other words, the observation of correlated evolution is not by itself 16 sufficient evidence to guarantee that the sites in question are epistatic; such a claim requires 17 additional evidence, ideally coming from direct estimates of epistasis, based on experimental 18 evidence. 19 20 21 putational methods, experimental validation, I TE , ∆G 22 29 Kelley et al., 2013), and comparative biology (Pagel, 1994; Shimizu et al., 2014). A comparable effort 30 at the genomic level remains a daunting task because the number of potentially interacting sites 31 (i.e. nucleotides) can be overwhelmingly large, making it difficult to distinguish genuine instances 32 of correlated evolution arising from linkage or selection from spurious correlations arising due to 33 chance. 34 In an effort to fill this gap, we have extended a computational approach, implemented in a 35 software called AEGIS (Analysis of Epistasis and Genomic Interacting Sites), designed to detect both 36 positively and negatively correlated pairs of mutations with very high specificity (Nshogozabahizi 37 et al., 2017). Although the original approach focused on identifying correlated evolution among 38 sites within genes (Ibeh et al., 2016; Nshogozabahizi et al., 2017; Aris-Brosou et al., 2017), nothing 39 prevents it from being used to perform the same task across entire genomes. AEGIS makes 40 use of Pagel's phylogenetically informed maximum likelihood model for predicting correlated 41 1 of 30
Introduction 23
Adaptive evolution often involves changes to multiple characters that share a common genetic 24 basis, a process called correlated evolution. Such coordinated changes arise either because of 25 physical linkage in the genome, or from strong selection that generates an association between 26 distinct genomic sites. The analysis of correlated evolution among traits has a long history in 27 quantitative genetics (Falconer, 1960; Cheverud, 1984; Lynch et al., 1998) , molecular biology (Goh A: substitutions with the strongest evidence for correlated evolution (P < 10 −11 ). Inset is a histogram showing the distribution of significance for all correlated pairs with strong (P < 10 −7 ) evidence for correlated evolution, where the purple bar highlights the strength of evidence for the pairs presented below. Circles represent a substitution in a gene (top text), at a particular nucleotide position (bottom text) on the coding strand. Colors show whether or not the substitution was synonymous, and whether or not it was found in one of the six genes expected to evolve in response to fluoroquinolone selection. Edges connect the predicted pairs of correlated substitutions. For Panels B-E, the mean and 95% confidence interval of measurements for each genotype is represented by the dark black lines and colored rectangles respectively. The color used reflects the genetic background of genotypes while the hue identifies the biological replicate. B,C: results of the ciprofloxacin MIC assay of P. aeruginosa WT and mutant constructs. Dashed horizontal lines highlight the MIC value for WT strains. Numbers to the left of mean (black) lines represent the MIC fold increase, compared to WT, of mutants. D,E: results of the competitive fitness assays for WT and mutant construct genotypes. The relative fitness of WT strains is highlighted by the horizontal dashed red line. Mutants with relative fitness significantly different from wild-type are denoted with an asterisk (see Table 1 ). 108 To test if epistasis is involved in the correlated evolution of the substitutions identified in gyrA−parC, may be masked if DNA replication is prevented by non-functional DNA gyrase. Since gyrA single 140 mutants can grow under elevated fluoroquinolones levels, but parC single mutants cannot, it 141 is reasonable to posit that the gyrA mutation compensates for the inhibition of parC, or that 142 fluoroquinolones do not entirely inhibit parC protein activity. A study of the molecular basis for 143 this epistasis for resistance may provide valuable insight in the development of next generation 144 fluoroquinolones. 145 The results for fitness costs associated with resistance mutations tell quite a different story ( Fig. 1 146 D-E). We found no evidence for a cost of resistance associated with the gyrA and parC mutations, 147 either singly or in combination, in the PA14 background, a result that has been observed previously 148 (Melnyk et al., 2015) . By contrast, all the single and double mutations in PA01 lead to significant 149 fitness costs, and the double mutant including the parC c260g mutation, exhibits significant positive 150 epistasis (Table 1) . In other words, the resistance mutations compensate for each other, leading to 151 costs that are lower than expected from their additive effects. Our results support the idea that the 152 cost of antibiotic resistance in bacteria can vary substantially across genetic backgrounds (Melnyk   153   et al., 2015) . Combinations of mutations in gyrA and parC other than those tested here have been 154 shown to be cost-free in Streptococcus pneumoniae (Gillespie et al., 2002) , reinforcing the idea that 155 the effect of a mutation, or combination of mutations, depends intimately on genetic background. 156 Moreover, our observation of positive epistasis for resistance, but not fitness costs, indicates that Table 1 . Results from competitive fitness assays of mutant constructs in permissive LB media. We measured fitness from six technical replicates for each of two independent constructs (biological replicates), except for gyrA c248t which had three independent constructs. Relative fitness was calculated by dividing the fitness of each mutant construct by that of its wild-type (not shown here). The significance of differences in competitive fitness of wild-type and each mutant construct was assessed with the Dunn test and a Bonferonni correction; P ≤ 0.05 shown in bold. Epistasis was measured with a multiplicative model and error was calculated using error propagation (Trindade et al., 2009 ). There is evidence for epistasis when the absolute value of is greater than the error of our measures (in bold). ; SI Appendix 10). 228 The mechanism responsible for the close physical linkage between synonymous mutations 229 is less obvious. One possibility is that both hitchhiked to high frequency alongside a third, non-230 synonymous mutation in the same gene that was under strong positive selection. We found a 231 nonsynonymous mutation at nucleotide position 1374, which is near the quinolone-resistance de- plausible explanation for the correlation between sites, we failed to detect additional functional 238 links with nonsynomous mutations in the other genes. Moreover, AEGIS did not detect correlations 239 between any of the correlated synonymous mutations and additional nonsynonymous mutations, 240 even at P ≤ 10 −4 (SI Appendix 3), suggesting that hitchhiking is not a general explanation for the 241 correlated evolution of synonymous mutations in this data set.
Experimental validation of the nonsynonymous pair
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A second possible mechanism is horizontal gene transfer (HGT). Examination of the similarity 243 between the species tree and the gene trees for each of the four genes containing a pair of 244 synonymous mutations revealed little correspondence between the two for all but parC (SI Appendix 245 11), suggesting widespread recombination in our strain collection. To further assess the prevalence 246 of recombination, we included tRNA genes located in close proximity of each of our four focal 247 genes in the PA14 assembly. The rationale for this analysis was that tRNA genes are involved in 248 information processing, and so interact with a large number of other gene products (transcripts 
Conclusions
259
Our results show that correlated evolution can be widespread (∼ 127, 000 interactions at P ≤ 0.01) 260 and that, in the context of antibiotic resistance in P. 
2015)
). 323 To estimate the species tree of these bacterial strains, we focused on 'core genes', viz. , genes 324 that are unlikely to be subject to horizontal gene transfer. According to the complexity hypothesis 325 (Jain et al., 1999; Aris-Brosou, 2005) , these are genes whose products are involved in complex 326 multiprotein interactions such as information processing genes (e.g., rRNA genes, transcription 327 and translation polymerases, etc...). Based on the functional annotations of PA14 genes from the 328 Clusters of Orthologous Groups database (Tatusov et al., 1997; Galperin et al., 2015) , we extracted 329 1,290 information genes which we identified with the COG terms A, B, J, K, and L. These were 330 concatenated into a single alignment, used to estimate a phylogeny by maximum likelihood. For 331 this we employed FastTree (Price et al., 2010) 2010), and AZPAE14941, AZ-PAE14901 and AZPAE15042 (Kos et al., 2015) . After rooting the tree, 335 we removed the subclade from both the phylogeny and the alignment, leading to our analysis of 336 correlated evolution being based on 389 P. aeruginosa genomes.
337
Analysis of correlated evolution 338 We used AEGIS (Nshogozabahizi et al., 2017) to test for signals of correlated evolution among sites states into binary characters, we assigned '0' to nucleotide positions that were identical in at least 345 80% of levofloxacin sensitive strains, and '1' to all others. We chose this method of recoding so that 346 signals of correlated evolution would more likely reflect adaptation to fluoroquinolone antibiotic 347 selection.
348
After recoding the data, there were 410,665 informative (polymorphic) sites within the alignment. 349 We estimated that a full pairwise analysis would have required more than one year's time even 350 when parallelized across twelve computational nodes with four processors each. Hence, we tested 351 the signal of correlated evolution between polymorphic sites in twelve genes and the rest of the 352 alignment.
353
Direct experimental tests for epistasis 354 Unless otherwise stated all growth and incubation conditions were performed in lysogeny broth 355 (LB) (Bertani, 1951) containing half the normal salt (i.e. 5g/L NaCl), at 37 • C, in an orbital shaker set 356 at 150 rpm. 357 Generating mutants 358 To measure the in vitro fitness and antibiotic resistance effects of substitutions, we created mutant 359 constructs using a modified allelic replacement protocol (Melnyk et al., 2017) . We modified the 360 protocol such that replacement alleles were constructed from the wild-type (WT) template rather 361 than coming from an evolved strain. This resulted in only the mutation of interest being inserted 362 instead of all differences contained in an evolved strain's allele. The replacement protocol is based 363 on a selection counter-selection method (Schweizer, 2008) , whereby a vector-borne mutant allele 364 recombines with homologous chromosomal sequences before the delivery vector is itself removed 365 from the targeted genome. As the effect of a mutation may be contingent upon the genetic 366 background (i.e. WT) in which it arose (Sorrells et al., 2015; Kryazhimskiy et al., 2014; Blount et substitution. An overlapping primer coded for the substitution of interest through a mismatch at 372 the target site. The paired amplicons were ligated to an allelic replacement vector using Golden 373 Gate assembly (Engler et al., 2008) , which permitted scarless ligation of the PCR products (see 374 Table 3 for details). The vector, derived from pAH79 (Melnyk et al., 2017) and modified for Golden 375 Gate cloning, includes the T etA selectable marker and sacB counter-selection gene. After ligation, 376 vectors were transformed into chemically competent Escherichia coli (DH5 pir). The mutant alleles 377 were transferred into P. aeruginosa strains as previously described (Melnyk et al., 2017) via tri-378 parental conjugation, involving a helper E. coli that carries pRK2013 (Figurski and Helinski, 1979) . 379 Through a round of selection (LB agar with 100 g/mL Nitrofurantoin and 80 g/mL Tetracycline), we 380 isolated colonies whose genome had recombined with the mutant allele. The recombinants were 381 subsequently counter-selected (LB agar with 5% sucrose) for loss of the plasmid sequences. Mutant 382 constructs were first confirmed by sequencing the region targeted for replacement. Then to identify 383 constructs least likely to contain secondary mutations outside the sequenced region, we performed 384 competitive fitness assays with a minimum of four independent constructs and accepted those 385 with very similar fitness measures for downstream analyses. 386 Minimum inhibitory concentration assays 387 We performed minimum inhibitory concentration assays to identify if our mutant constructs had 388 increased resistance to the fluoroquinolone antibiotic ciprofloxacin. Using a 96-well plate, we carried 389 out serial 2-fold dilutions of ciprofloxacin, in a liquid LB broth, such that columns represented a 390 concentration gradient from 32 to 0.015625 (i.e. 2 (5,4,...,−6) ) g/mL. We inoculated each well with 391 5µL of overnight mutant culture such that each row represented a single type of inoculum. After 24 392 hours of growth, we read the absorbance values (at 600 nm) using a plate reader (SI Appendix 12). 393 Each plate contained at least one blank row, used as reference for reads of the absorbance. We 394 performed four replicates of each genotype, while ensuring that no genotype appeared on a single 395 plate more than once. 396 Competitive fitness assays 397 We measured relative fitness of WT and mutant constructs via competitive fitness assays. Competi-398 tions began when we mixed an equal volume of overnight culture, diluted 100 fold, of a focal strain 399 and a marked competitor (Lenski et al., 1991) . Similar to previous work, the marked competitor 400 was a WT strain bearing the neutral lacZ marker gene. The frequency of focal and marked strains 401 were estimated using direct counts of diluted culture plated immediately after mixing and again 402 after competition during overnight growth to stationary phase. We plated six replicates of each 403 competition, and time point, on minimal media agar plates containing X-Gal. Counting was done 404 after overnight growth at 37 • C, followed by 2-4 days of growth at room temperature. 405 Competitive fitness was calculated as ω = (f f inal −f initial ) (1/generations) , where f initial and f f inal 406 are the initial and final frequency of focal strains, and the number of generations was based on 407 the dilution factor, calculated as log 2 (100) ∼ 6.64. The evidence for epistasis ( ) was calculated with 408 a multiplicative fitness model (Trindade et al., 2009 ) such that = WW T WAB − WAWB where W 409 stand for fitness and the subscripts (WT, A, B, AB) represent the wild-type, single and double mutant 410 genotypes. There is evidence for epistasis when the value is greater than our measurement error 411 estimated via error propagation.
412
Quantifying importance of sites in predicting resistance 413 Using an adaptive boosting machine learning algorithm, implemented in the R package adaBoost , 2012; Kos et al., 2015) . al., 2015) . 437 Testing for biological effects of synonymous substitutions 438 All the most significantly correlated pairs of synonymous substitutions were pairs of substitutions in 439 the same gene. To test if these paired substitutions could be correlated due to translational effects, 440 we estimated the free energy (∆G) of folded mRNA transcripts for both WT and mutant transcripts, 441 which we normalized as relative values through division of the WT estimate (∆G rel ; Fig. 2A ). The
442
∆G values were calculated with the mFold server (Zuker, 2003) , 2017) . These calculations used the codon frequency of genes that are 451 highly expressed in P. aeruginosa (Hilterbrand et al., 2012) (Alfaro et al., 2013) ) on all polymorphic sites in our alignment. Levofloxacin resistance phenotype information was obtained from previously published data (Kos et al., 2015) . Importance values reflect the strength of correlation between genomic sites and the resistance phenotype. Red circles denote genomic positions which have been previously reported in the literature to correlate with fluoroquinolone resistance.
Table 1. Correlation between know resistance determining loci and resistance phenotype.
With knowledge of the resistance phenotype for strains in our alignment, we counted which strains had mutations in the codon of amino acid (AA) positions known to confer fluoroquinolone resistance. We used a chi-squared test for the independence between mutation at these positions and the resistance phenotype and highlight significant (P ≤ 0.05) values in bold. Recall there were 389 strains in our alignment of which 192 (197) were susceptible (resistant). (Trindade et al., 2009 ). There is evidence for epistasis when the absolute value of is greater than the error of our measures. We find no evidence for epistasis as is never greater than estimates of error. et al., 2009) . There is evidence for epistasis when the absolute value of is greater than the error of our measures. We find no evidence for epistasis as is never greater than estimates of error. While a previous study has shown the excellent specificity of AEGIS at identifying correlated pairs of substitutions from simulated evolution (Nshogozabahizi et al., 2017) , the ≈ 127, 000 significantly correlated pairs (P ≤ 0.01) was much higher than expected and we deemed it beneficial to review the results prior to in vitro study. As this study is the first to have tried to identify correlated evolution among pairs of sites in the whole genome of P. aeruginosa there was no general dataset against which we could compare our results, instead we performed summary analyses to describe trends in the results. Recall that for reasons of computational time, this study analyzed the evidence of correlated evolution between the sites in 12 genes and the rest of the genome. If the results of AEGIS were largely false positives, we would have expected the number of polymorphic sites in a gene to positively correlated with the number of correlated pairs involving substitutions in that a gene. We found no evidence that the number of polymorphic sites in the 12 genes was correlated to the number of associated significant pairs (Pearson's ρ, t = 0.5530, df = 10, P = 0.5924). Further, we found no evidence that the proportion of polymorphic sites in a gene (i.e., number of sites divided by gene length) differed between the six focal genes (gyrA, gyrB, morA, nf xB, parC, parE), the additional six genes chosen at random (dnaA, dnaN , lpd3, ribD, rpoB, serC) , and any of the other genes in our alignment (ANOVA, F = 0.1227, df = 2, P = 0.8845). This led us to conclude that the results of AEGIS reflected some true evolutionary signal. While we did not have specific information concerning the in vitro effects of most substitutions identified in the results, we could define several descriptive traits. If the results of AEGIS were largely random associations, we would expect that the frequency of these traits among significantly correlated pairs would reflect the frequency of these traits in our alignment (SI Fig.9 ). As a first assessment we leveraged our a priori assumption that mutations in the six focal genes were more likely to show an adaptive response to fluoroquinolone selection compared to the other six genes. If our assumption was correct and the results of AEGIS reflect correlated evolution in response to selection, we would expect more pairs to include mutations in the six focal genes. When comparing the number of correlated pairs which include zero, one, or two sites in the six focal genes, we found that pairs with at least one site in an expected gene are consistently higher than by chance (compare SI Fig.9A,B ). We next wanted to assess if correlated pairs of potentially adaptive substitutions (i.e. nonsynonymous) were detected more often than by chance. While synonymous substitutions may be selected for (Agashe et al., 2016; Bailey et al., 2014) , in response to antibiotic selection we assumed that only nonsynonymous substitutions were likely to be adaptive. We looked for differences in the expected and observed number of correlated pairs where zero, one or two sites were nonsynonymous (compare SI Fig.9 C,D) . We found that nonsynonymous pairs are dramatically underrepresented comprising only 2 pairs with at least medium (parC 786 and PA14 34000 967 -hypothetical type VI secretion protein -10 −7 − −P ≤ 10 −6 ) and strong (gyrA 248 and parC 260, P ≤ 10 −11 ) evidence for correlated evolution respectively. We interpret the higher than expected number of synonymous pairs to suggest that hitchhiking (Maynard Smith and Haigh, 1974) , possibly as ?cohorts" (Lang et al., 2013) , explains the majority of correlated pairs identified by AEGIS. 
